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ABSTRACT

Recent studies suggest that transcription takes place
at DNA double-strand breaks (DSBs), that tran-
scripts at DSBs are processed by Drosha and Dicer
into damage-induced small RNAs (diRNAs), and
that diRNAs are required for DNA repair. However,
diRNAs have been mostly detected in reporter con-
structs or repetitive sequences, and their existence
at endogenous loci has been questioned by recent
reports. Using the homing endonuclease I-PpoI, we
have investigated diRNA production in genetically
unperturbed human and mouse cells. I-PpoI is an
ideal tool to clarify the requirements for diRNA pro-
duction because it induces DSBs in different types of
loci: the repetitive 28S locus, unique genes and inter-
genic loci. We show by extensive sequencing that the
rDNA locus produces substantial levels of diRNAs,
whereas unique genic and intergenic loci do not. Fur-
ther characterization of diRNAs emerging from the
28S locus reveals the existence of two diRNA sub-
types. Surprisingly, Drosha and its partner DGCR8
are dispensable for diRNA production and only one
diRNAs subtype depends on Dicer processing. Fur-
thermore, we provide evidence that diRNAs are in-
corporated into Argonaute. Our findings provide di-
rect evidence for diRNA production at endogenous
loci in mammalian cells and give insights into RNA
processing at DSBs.

INTRODUCTION

DNA double-strand breaks (DSBs) are arguably the most
dangerous threats to genome stability. Once a DSB occurs,
the cell initiates a DNA damage response (DDR), first try-

ing to repair the lesion and, if this is unsuccessful, entering
apoptosis (1). DSBs are repaired via two major pathways,
non-homologous end joining (NHEJ) and homologous re-
combination (HR). Throughout the G2 and S-phases, the
sister chromatid can be used as a template during HR allow-
ing error-free repair, while in G1, cells often rely on the more
error-prone NHEJ pathway, through which the two DNA
ends are ligated together (1). However, the repair pathway
is determined not only by the position in the cell cycle but
also by the gene context, as revealed by the fact that active
genes, if damaged during G1, tend to remain unrepaired for
relatively long times and become repaired by HR after the
replicative phase of the cell cycle (2). The repetitive ribo-
somal DNA (rDNA) cassette also provides exceptional cir-
cumstances for DNA repair using paralogue sequences in
cis for HR. Therefore, damage to the rDNA can be repaired
by HR independently of the position in the cell cycle (3).

Both HR and NHEJ are initiated by recognition of the
DSB, which leads to the phosphorylation of histone H2AX
at the break site mediated by the stress-response kinase
ataxia-telangiectasia mutated (ATM) (4). Then either a 5′ to
3′ resection of the free DNA ends is initiated, which blocks
NHEJ and directs repair towards the HR pathway, or the
ends are protected from resection by the accumulation of
NHEJ factors (1).

Research in different systems has disclosed complex rela-
tionships between DNA damage, chromatin structure and
transcription (reviewed in (5)). The DDR includes sig-
nalling pathways that remodel the chromatin in the vicin-
ity of DSBs (6,7) and shut down the transcriptional activity
of nearby promoters (8,9). The DSB-induced downregula-
tion of transcription depends on the activity of ATM, on the
PBAF chromatin remodelling complex and on the distance
to the DSB (9–11). In spite of this well documented tran-
scriptional inhibition that affects promoters located near
DSBs, early studies in the ascomycete Neurospora revealed
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that DNA damage triggered the production of small RNAs
through a pathway that involved Dicer proteins (12). There
is increasing evidence that transcription occurs at DSBs in
the absence of bona fide promoters, and that DSB repair is
governed not only by DDR proteins, but also by RNAs that
are synthesized in the vicinity of the DSB. Several indepen-
dent reports have shown that open DNA ends lead to ini-
tiation of transcription in vitro and in vivo and it has been
suggested that this de novo transcripts determine the extent
of DNA end resection both in yeast and mammalian cells
(13–16). The discovery that small RNA biogenesis factors
such as Drosha and Dicer promote the repair of DSBs in a
manner that is independent of microRNAs (miRNAs) led
to the proposal that short, damage-induced RNAs originate
from the sequences that flank the DSB (14,17,18). These
RNAs were termed diRNAs in plants (17) and DDRNAs
in mammalian cells (18). The fact that a fraction of Dicer is
phosphorylated upon DNA damage and recruited to DSBs
gives further support to this proposal (19,20).

Several indirect lines of evidence suggest that diRNAs are
important for resolving DSBs. For example, the RNA bind-
ing capacity and catalytic activity of Argonaute-2 (AGO2)
are required for the recruitment of Rad51 to DSBs (21),
and diRNA mimics are able to rescue the effects of Drosha
and Dicer depletions on the recruitment of chromatin re-
modelling factors to DSBs (22). Transcription at DSBs
has been linked to the DDR and it has been proposed
that each DSB produces a unique set of site-specific RNAs
that are necessary for DDR activation (16). Furthermore,
next-generation sequencing confirmed the production of
diRNAs in plants at a transgenic reporter locus harbouring
a cleavage site for an endonuclease (17). DiRNAs were also
detected after Cas9-mediated cleavage in unique genomic
locations in the Drosophila genome (23) and at DSBs within
telomeres of mammalian cells (24). However, attempts to
sequence diRNAs in mammalian cells at unique genomic
loci in a natural chromatin context have been unsuccess-
ful and their existence in genetically unperturbed cells has
been questioned (14). Moreover, the functional importance
of diRNAs has been challenged by the observation that the
DNA repair defects caused by Dicer depletion can be res-
cued by a miRNA mimic, which suggests that the contribu-
tion of Dicer to DSB repair is indirect (25).

Four mutually exclusive hypotheses regarding diRNA
biogenesis have been proposed. One, diRNAs are made in-
dependently of the location and sequence of the DSBs and
serve as guides for the recruitment of DDR factors through
a mechanism that involves RNA-RNA pairing (16,18,24).
If this is the case, difficulties in revealing diRNAs at unique
DSBs in mammalian cells could be due to their low abun-
dance or fast turnover. Two, the extent of diRNA forma-
tion depends on local transcription and therefore only genic
regions will give rise to diRNAs (13,23,26). In this sce-
nario, diRNA production could contribute to the particu-
lar DNA repair features of transcribed genes (27) or to the
degradation of aberrant mRNAs produced at the damaged
gene locus, as shown in Drosophila melanogaster (23). Three,
diRNAs are a special response to DSBs produced in repet-
itive regions. In support of this proposal, studies in the as-
comycete Neurospora showed that the production of small
damage-induced RNAs is dependent on the repetitive na-

ture of the damaged DNA (12,28). A small RNA response
has also been recently reported at unprotected telomeres
(24). And four, diRNAs do not exist in vivo and previously
detected diRNAs were peculiarities of specific reporter sys-
tems (14,29).

Whether diRNAs exist and whether their production de-
pends on certain conditions, such as the transcriptional
status or the repetitive nature of the locus that harbours
the DSB, are important questions in order to understand
the role of RNA in DSB repair. Here, we investigate these
questions using the homing endonuclease I-PpoI in mouse
and human cell lines. The I-PpoI system offers the ad-
vantage of introducing DSBs in repetitive 28S ribosomal
DNA (rDNA) loci as well as in unique genic and inter-
genic loci, in genetically unperturbed cells. We find that ex-
haustive next-generation sequencing does not provide ev-
idence of diRNA production in unique genic or intergenic
sequences. However, DSBs in the rDNA robustly induce the
production of diRNAs and we show the existence of two
types of diRNAs with characteristic length and terminal nu-
cleotide signatures. Surprisingly, our analyses of diRNAs in
mouse knock-out (KO) cell lines show that Drosha and its
binding partner DGCR8 are dispensable for diRNA pro-
duction and that only one of the two diRNA subpopula-
tions requires Dicer processing. Last, we present evidence
for the incorporation of rDNA-derived diRNAs into Arg-
onaute effector complexes, suggesting that they may play
functional roles.

MATERIALS AND METHODS

Cell culture

HeLa and DIvA cells (30) were cultured at 37◦C in 5% CO2
in Dulbecco’s modified Eagle’s medium (DMEM) medium
(Sigma, D629) supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin/streptomycin. The DIvA cells
were maintained in culture medium containing 1 �g/ml
puromycin. The mESC lines used have been previously de-
scribed: mESC drosha KO and the corresponding parental
line (31), mESC dicer KO and the corresponding parental
line (32) and mESC Dgcr8 KO (33). The parental line of
the drosha KO was used as control mESC line unless other-
wise stated. mESCs were cultured in LIF+serum medium
composed of DMEM (Gibco, 41965-039) supplemented
with 0.01% mLIF, 15% FBS, 2% penicillin/streptomycin,
1% glutamine, 1% sodium pyruvate, 1% minimum essential
medium––non-essential amino acids (MEM NEAA), and
0.2% beta-mercaptoethanol at 37◦C in 5% CO2 in gelatin-
coated flasks.

SiRNA transfection

The day before transfection, HeLa cells were seeded in
6-well plates with 50–60% confluence in 2 ml DMEM sup-
plemented with 10% FBS and 1% penicillin/streptomycin.
SiRNAs were mixed with 4 �l of Lipofectamine
RNAiMAX (Invitrogen) in 1 ml Opti-MEM (Gibco)
per well and added to the plates, and the cultures were then
incubated for 48 h. The siRNA for Drosha and the corre-
sponding control were Silencer siRNA from ThermoFisher
(CatNo: AM16708, ID:126719 and CatNo: 4390844,
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respectively). They were used at a final concentration of
25 nM.

Plasmid transfection and transcription inhibitor treatments

HeLa cells were seeded at 70–80% confluence in 6-well
plates in 2 ml DMEM supplemented with 10% FBS with-
out penicillin/streptomycin the day before transfection. In
total, 2.5 �g of pOPRSVI-I-PpoI plasmid was transfected
with Lipofectamine 3000 (Invitrogen) as described in the
manufacturer’s protocol. In some experiments, transcrip-
tion inhibitors were added 12 h prior to harvesting at
the following concentrations: �-amanitin 5 �g/ml (Sigma,
A2263), DRB 150 �M (Sigma, D1916), actinomycin D 0.05
�g/ml (Sigma, A9415). CX-5461 (S2684, Selleckchem) was
used at 100 nM for 20 h.

3 × 105 mESCs were seeded in 6-well plates in 3 ml
LIF+serum medium the day before transfection. A total
of 2.5 �g of pOPRSVI-I-PpoI plasmid was transfected with
Lipofectamine 3000, again as described by the manufactur-
ers protocol. For small RNA sequencing, the cells were har-
vested 36 h after transfection. Cordycepin (Sigma, C3394)
was used at a final concentration of 500 �M and added to
the cultures 24 h after transfection.

RT-qPCR

RNA (1 �g) was treated with 1 unit DNase I (Thermo
Fisher) for 60 min and reverse-transcribed using random
primers (Thermo Fisher Scientific) and SuperScript II or III
(Invitrogen). The resulting cDNA was quantified by quan-
titative polymerase chain reaction (qPCR) in a RotorGene
(Qiagen) or a StepOnePlus (Thermo Fisher Scientific) using
Power SYBR Green PCR Master Mix (Kapa Biosystems).
The following primers were used: Gapdh int fw GCAATG
AGTGAGGTCCTGCAC, Gapdh int re TATGTAGGCA
GTGGGGAGACAG, Gapdh ex fw CCTGCTTCACCA
CCTTCTTGATGTC, Gapdh ex re CAAGGTCATCCC
AGAGCTGAACG, 45S fw CTCCGTTATGGTAGCG
CTGC, 45S re GCGGAACCCTCGCTTCTC, ARPP f
GCACTGGAAGTCCAACTACT, ARPP r TGAGGTCC
TCCTTGGTGAACAC.

Strand specific RT-qPCR (ss-RT-qPCR)

RNA was purified and DNase-treated as above. For each
reverse transcription reaction, strand-specific primers from
the region of interest and the control gene were used. RNA
levels in untreated samples and in samples treated with
actinomycin D were normalized to the levels of ARPP or
GAPDH (exon primers as above). In samples treated with
RNAPII inhibitors, the RNA levels were normalized to the
28S rRNA (reverse, upstream). The resulting cDNA was
quantified by qPCR in a RotorGene (Qiagen) using Power
SYBR Green PCR Master Mix (Kapa Biosystems). Primer
sequences for ss-RT-qPCR reactions were as follows (in 5′
to 3′): Ryr2 500up f ATTCTGGGCAGAGGATGAGA,
Ryr2 500up r TCTGGAAGGCATCCTTTGTT,
Ryr2 500dw f TCAAGACCCATCAGTGCTGT,
Ryr2 500dw r AATCCCTGCCTTTGTTTTCC,

28S 900up f GGGGGAGAGGGTGTAAATCT,
28S 900up r TTGCCGACTTCCCTTACCTA,
28S 600dw f CGATGTCGGCTCTTCCTATC,
28S 600dw r AACCTGTCTCACGACGGTCT,
ARPP f GCACTGGAAGTCCAACTACT, ARPP r
TGAGGTCCTCCTTGGTGAACAC.

Determination of I-PpoI cleavage efficiency

HeLa cells were transfected with the pOPRSVI-I-PpoI
plasmid or mock transfected. The cells were resuspended
in lysis buffer (1 × TE, 0.05% sodium dodecyl sulphate
(SDS)) containing 0.05 mg/ml Proteinase K at 60◦C for 4 h.
Genomic DNA was extracted with phenol-chloroform-
isoamylalcohol following standard procedures. A total
of 100 ng of gDNA was used in a qPCR using primers
upstream and downstream of the DSB. The following
primers were used: AAMDC DSB fw GGCCAGTA
TGAATGATCATCAGG, AAMDC DSB re GCGT
CACTAATTAGATGACAAGGC, chr7 68527501 fw
TGCTCTATGAAAACACCATTAAG, chr7 68527501 re
GCGCGTCACTAATTAGATGAC, Dab1 DSB fw
CCATACGTGGCAGAGTGTG, Dab1 DSB re
GCCTCACTGAAGACTTGGTG, SLCO5A1 DSB fw
CTCGTTCATCCATTCATGCGC, SLCO5A1 DSB re
CTGTGTCTCATGGGTAGCTTAATC, Ryr2 R1 f
GAGGTGGGCAAGAATGAGAA, Ryr2 500dw r
AATCCCTGCCTTTGTTTTCC, 28S 100up f
CAGGGGAATCCGACTGTTTA, 28S 100up r
GGGGCCTCCCACTTATTCTA.

Argonaute RNA immunoprecipitation

HeLa cells were seeded the day before transfection and
grown to 80 % confluence in 6-well plates. The cells were
transfected with 2.5 �g pOPRSVI-I-PpoI plasmid per well
using the standard protocol for Lipofectamine 3000. The
cells were scraped off 36 h after transfection and RNA im-
munoprecipitation was performed using the Magna RIP™
RNA-Binding Protein Immunoprecipitation Kit (Merck)
following the manufacturers instructions and using 6 �g of
anti-AGO antibody from Abcam (ab57113, antibody A) or
Diagenode (Cat. No. C15200167, antibody B). These an-
tibodies recognize the human Argonaute 1–4 proteins (34).
The recovered RNA from RIP and 1 �g of input RNA were
used for standard small RNA sequencing library prepara-
tion using the Illumina TruSeq small RNA library prepa-
ration kit (Illumina, December 2014) and sequenced on an
Illumina NextSeq 500 sequencing machine for 75 cycles.

Small RNA library preparation and sequencing

Total RNA was extracted from HeLa or mESC cells using
TRIZOL, and libraries were prepared following the instruc-
tions of the TruSeq small RNA library preparation protocol
(Illumina, December 2014). Small RNA spike-ins (Exiqon,
product no. 800100) were dissolved in 50 �l of nuclease-
free water for the analysis of RNAs from Drosha RNAi,
Dgcr8 KO, dicer KO and cordycepin treatments; and in 150
�l for the drosha KO experiments. In all cases, 1 �l of the
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spike-in solution was added to 1 �g of total RNA input be-
fore library preparation. The cDNA was size fractionated
in gel and inserts derived from 20 to 33 nt small RNAs were
sequenced. The barcoded cDNA libraries were pooled and
run on an Illumina NextSeq500 sequencer for 75 cycles. The
libraries had an average depth of ∼10 million reads.

Small RNA-seq pre-processing

A custom Perl script was applied to pre-process de-
multiplexed sequencing reads (available upon request).
Reads were trimmed to 50 nt, and those containing more
than 50% of low-quality base assignments (having a Phred
quality score <20) were excluded. Adapters were trimmed
by searching for matches to the first 8 nt of the adapter in the
3′ ends of the reads. If the 8-mer was found, the last match
and the subsequent nucleotides were trimmed. Then reads
containing ambiguous or highly repetitive nucleotides (e.g.
N), or sequences shorter than 18 nt were discarded. Identi-
cal reads were collapsed to a single read carrying the read
count in the identifier.

Small RNA-seq analyses of the 28S locus

We curated a ribosomal RNA library based on RNA
sequences retrieved from NCBI (www.ncbi.nlm.nih.gov),
Silva (arb-silva.de) and the Ensembl database (www.
ensembl.org). Reads were subsequently mapped against
our rRNA library using Bowtie v1.12 (http://bowtie-bio.
sourceforge.net) with options ‘-v 0 -q -k 1 -7 - -best’. Small
RNA abundance at the 28S rDNA locus was either nor-
malized to total reads mapping to the 28S rDNA (cov-
erage blot in the HeLa time course), to total collapsed
reads or to spike-in read counts, as described in the main
text. In order to retrieve the abundance of spike-ins, the
adapters were removed from the original fastq files using
cutadapt v1.11 (https://github.com/marcelm/cutadapt) and
the trimmed reads were mapped to spike-in sequences us-
ing Bowtie with the options ‘-v 0 -q -k 1 - -best’. To vi-
sualize single read alignments that mapped to the anti-
sense strand of the 28S rDNA close to the I-PpoI site,
the Integrative Genomics Viewer v2.4.2 (http://software.
broadinstitute.org/software/igv) was used. Coverage plots,
read length distributions and terminal nucleotide analy-
ses were performed using the R software package v3.2.2
(www.r-project.org) as follows. For coverage plots, the dis-
tance to the break site was calculated separately for reads
mapped to the sense and antisense strands, and the nu-
cleotide density at each position was determined. Coverages
of replicates were averaged and the means of 20 nt bins were
plotted relative to the I-PpoI site. The read length distribu-
tion was generated on collapsed reads for reads that mapped
to the 28S rDNA upstream of the DSB in antisense direc-
tion. To analyse the nucleotide biases, collapsed reads that
mapped to the 28S rDNA locus upstream of the DSB in
antisense direction were extracted and separated into two
fractions, one with reads of length 22 nt, and one with reads
of 25 nt or longer. The first and last nucleotides of reverse-
complemented reads were obtained, and the proportion of
each nucleotide calculated.

Small RNA-seq analysis at unique genomic loci

For analysis of diRNAs at unique genomic loci, the genome
assembly for either human (hg19) or mouse (mm10) was re-
trieved from genome.ucsc.edu. I-PpoI sites were identified
genome-wide by mapping the I-PpoI consensus sequence
(5′-CTCTCTTAAGGTAGC-3′) to the human and mouse
genomes using bowtie with the options ‘-v 0 –a’. After pre-
processing, reads that mapped to tRNAs, ribosomal RNAs
or miRNAs allowing one mismatch were discarded and re-
maining reads mapped to the genomes using bowtie with
the options ‘-v 0 - -best -k 1’. Reads mapping to a region
of 5 kb upstream or downstream of the identified I-PpoI
sites were extracted using a custom Bash script. Using R,
reads mapping to multiple genomic loci were discarded
and remaining reads were divided into forward strand, re-
verse strand, genic and intergenic regions based on man-
ual inspection of the respective I-PpoI sites. The sum of
reads mapping to the regions antisense, upstream and sense,
downstream of the I-PpoI sites were visualized using R. A
full list of libraries used for the analysis is shown in Supple-
mentary Table S1.

Small RNA-seq analyses of miRNA expression

MiRNA precursor sequences were retrieved from miR-
Base version 20 (www.mirbase.org). The profiles of ma-
ture miRNA expression across the different conditions were
determined using the quantifier module of the miRDeep2
package (https://github.com/rajewsky-lab/mirdeep2) allow-
ing no mismatches. Reads assigned to identical mature
miRNAs were summed. Reads for each sample were sub-
sequently normalized to spike-ins per million and repli-
cates were averaged. For the 200 mature miRNAs with the
highest expressions in the control, we determined the fold
change between the miRNA levels in the KO and the con-
trol, and plotted these against their normalized expression
levels in the control samples.

rDNA copy number determination

Genomic DNA was purified from HeLa cells and the
number of rDNA copies was determined by qPCR rela-
tive to ARPP. The qPCR reactions were carried out in a
RotorGene using Power SYBR Green PCR Master Mix.
The primers used were the ARPP and 28S 900up specified
above. The results from three independent quantifications
were averaged and the average was used for the calculations
presented in the Supplementary Table S4.

Enrichment analysis in AGO-RIPseq

The sequences of snoRNAs and tRNAs (hg19) were down-
loaded from NCBI. Reads not mapping to miRNAs or the
rDNA locus were mapped to the snoRNA or tRNA library
with bowtie v0.1.2 and the options ‘-k 1 -v 0 - -best’. Col-
lapsed diRNA reads (mapping to the reverse strand of the
28S rDNA locus), collapsed snoRNA reads, collapsed reads
mapping to the 28S rDNA forward strand, collapsed tR-
NAs and uncollapsed miRNA reads were normalized to
total reads passing quality control of each sample. Subse-
quently, for each replicate, the fold change between input
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and IP was calculated. The fold changes were normalized
to the fold change of the median miRNA. The normalized
fold changes from RIP replicates were averaged.

Estimation of diRNA copies per cell

Collapsed reads mapping to the 28S region in antisense di-
rection and unique genomic loci were normalized to the ex-
pression of miR-15a in the same samples using the formula:

miR-15a (copies per cell)
miR-15a (reads)

× diRNA (reads)

The number copies per cells for this miRNA was exper-
imentally determined previously (35). The small RNA li-
braries used are listed in Supplementary Table S1 (HeLa
samples, I-PpoI transfected only).

Immunofluorescence

mESCs were transfected with either 2.5 �g pEGFP-C3 plas-
mid (Clontech) or a mixture consisting of 1 �g pEGFP-C3
and 1.5 �g pOPRSVI-I-PpoI. The cells were fixed with 4%
formaldehyde 24 h after transfection, permeabilized with
0.1% Triton X-100 for 15 min and processed for immunoflu-
orescence following a standard protocol. The primary anti-
body was against phosphorylated H2AX (#9718, Cell Sig-
naling Technology). The secondary antibody was a goat
anti-rabbit Alexa Fluor 633 (A-21070, ThermoFisher Sci-
entific). Coverslips were mounted using VectaShield with
DAPI (VectorLabs) and the slides were visualized and im-
aged in a LSM780 confocal microscope (Carl Zeiss) with an
optical thickness of 0.9 �m.

Statistical analysis

To analyse the enrichment for reads of length 21–22 nt in
the diRNA population, reads of 21 or 22 nt that mapped
to the antisense 28S rDNA locus were considered successes
and all reads from the same locus between 20 and 23 nt were
considered trials, for a binomial test of whether the num-
ber of successes was greater than the number expected from
random sampling. The command used for the binomial test
in the R software package was as follows: binom.test(‘reads
with 21 or 22 nt’, ‘reads with 20 to 23 nt’, P = 0.5, alterna-
tive = ‘greater’). Statistical testing for significance in ss-RT-
qPCRs was performed as a one-tailed t-test.

Protein detection

Relative levels of protein expression were determined by
western blotting. Cells were lysed in 2× Laemmli buffer and
separated on an 8% SDS-polyacrylamide gel. Proteins were
transferred to a polyvinylidene difluoride (PVDF) mem-
brane using a standard wet transfer procedure. The follow-
ing antibodies were used for detection: primary antibod-
ies against Drosha (Thermo Fisher, MA5-14784), Tubu-
lin (Sigma, T5168), Argonaute (Diagenode, C15200167)
and horseradish peroxidase (HRP)-conjugated secondary
antibodies against mouse (Sigma, SAB3701066) or rab-
bit (DAKO, P0448) immunoglobulins. The ECL blotting
reagent was obtained from Sigma (GERPN2109) and the

reaction was monitored on a Biorad ChemiDoc XRS+ us-
ing Image Lab. Quantification of protein bands was done
with Fiji version 2.0.

RESULTS

DSBs in natural repetitive loci give rise to diRNAs in mam-
malian cells

In order to investigate the production of small RNAs at
DSBs we utilized the homing endonuclease I-PpoI, which
has a well-characterized recognition motif in the 28S ribo-
somal DNA locus (Figure 1A) and additional recognition
motifs in unique genomic loci (see Supplementary Tables
S2 and 3). We transfected HeLa cells with a plasmid for I-
PpoI expression and we sequenced the small RNA fractions
of cells harvested at different time points after transfection.
The levels of I-PpoI expression and the cleavage efficiency
were monitored by RT-qPCR and qPCR, respectively (Sup-
plementary Figure S1A). Transcription at the rDNA locus
was not affected by the expression of I-PpoI as the relative
45S rRNA levels were unchanged after transfection (fold
change I-PpoI-transfected compared to mock transfected
cells 1.025 ± 0.293, n = 3 independent experiments).

From here on, the region located between the DSB and
the promoter of the gene that hosts the DSB will be re-
ferred to as ‘upstream’, and the region between the DSB
and the end of the host gene as ‘downstream’. ‘Sense’ and
‘antisense’ are relative to the transcriptional start site of the
host gene (Figure 1A).

In mock transfected cells (control cells that did not ex-
press I-PpoI), small RNAs that aligned to the sense strand
of the 28S locus were present (blue signals in Figure 1B).
The vast majority of these sense RNAs were degradation in-
termediates of the rRNA. However, transcripts that aligned
to the antisense strand were virtually undetectable (Figure
1B, 0 h). Eight hours after I-PpoI transfection, small RNAs
from the antisense strand started to accumulate and contin-
ued to be present until the end of the time course, 5 days af-
ter transfection (red signals in Figure 1B and C; Supplemen-
tary Figure S1B and C). Interestingly, the antisense reads
mapped exclusively upstream to the I-PpoI cleavage site,
and extended throughout the 28S rDNA and into the 5S
and 18S regions. As the small antisense RNAs induced up-
stream of I-PpoI DSBs were DNA-damage dependent, we
refer to them as ‘diRNAs’.

We could detect diRNA formation upstream of the I-
PpoI cleavage site, but not downstream. Transcriptional
events starting at DSBs should proceed in both directions.
RNA polymerases can transcribe only in the 5′ to 3′ direc-
tion and, accordingly, transcription initiated at the DSB will
proceed upstream of the break in the antisense direction,
and downstream of the break in the sense direction. There-
fore, the sequence of the downstream sense RNAs will be
identical to that of the rRNA and as such we cannot rule
out bidirectional transcription because our analysis cannot
distinguish between I-PpoI-induced transcripts and tran-
scripts from background transcription in the sense strand.

A closer look at the diRNAs closest to the DSB revealed
that their 5′ ends mapped between 8 and 16 nt away from
the I-PpoI cleavage site. Reads as close as 2 nt away from
the break occurred at later time points (four and five days
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Figure 1. DiRNAs originate from endogenous DSBs in human cells. (A) Schematic representation of the 28S rDNA (upper part) and definition of areas
around DSBs (lower part). The arrow indicates the location of the I-PpoI target site. The lower panel defines the position and polarity of the transcripts
analysed. Upstream and downstream are relative to the I-PpoI cleavage site. Sense and antisense are according to the canonical transcription start of
the rDNA locus (arrow). Sense transcripts have the same polarity as the 28S rRNA. (B) Small RNA reads from HeLa cells transfected with a plasmid
that expressed I-PpoI analysed at different times after transfection, as indicated. The reads were mapped to the 28S rDNA locus and normalized to total
collapsed 28S rRNA read counts. The grey vertical line in each plot indicates the position of the I-PpoI cleavage site in the 28S locus. The top (blue) and
bottom (red) parts of the plot show the coverage in the sense and antisense strands, respectively. The reads in the sense strand (blue) are assumed to be
predominantly degradation products of rRNA. (C) Quantification of diRNA reads in the 28S rDNA locus expressed as reads per million (RPM) of total
collapsed reads. The plot includes only upstream, antisense reads. (D) Length distributions of antisense small RNAs derived from the 28S rDNA locus,
upstream region, at different times after transfection with the I-PpoI expression plasmid. The black bars highlight reads of 21 and 22 nt. The percentage
of the 21–22 nt population is displayed. Enrichment of the 21–22 nt fraction is significant at 16 h (P = 1.85 × 10−5) and 24 h (P = 1.77 × 10−11) in an
exact binomial statistical test.

after transfection, Supplementary Figure S2). The lack of
reads that reach the cleavage site could be due to the re-
quirement of the RNAPII initiation complex for a mini-
mum sequence to bind to, upstream of the first transcribed
nucleotide (13,36). However, experiments analysing small
RNAs production in cell free extracts did show that poly-
merases do have the potential to transcribe even the very
first nucleotide of free DNA ends of linearized plasmids
(16).

The diRNAs reported in previous studies had a length
between 21–24 nt, typical for Dicer products (17). When we
analysed the diRNAs produced in the time series reported
above, we found that at 8 h after transfection they were pre-
dominantly shorter than 25 nt. As time proceeded, diRNAs
of lengths 21–22 nt became the dominant fraction, form-
ing a clear peak as early as 16 h after transfection (Figure
1C and D; Supplementary Figure S1C). However, diRNAs
shorter than 21 nt and longer than 22 nt were consistently
detected and comprised ∼60-70% of the total diRNA popu-
lation. It is important to point out that the upper and lower
read length cutoffs in our small RNA-seq analysis arose for
technical reasons, and we cannot exclude the existence of
shorter or longer transcripts.

To establish whether the production of diRNAs was gen-
eral to mammalian cells, we transfected mouse embryonic
stem cells (mESCs) with I-PpoI and sequenced the small
RNA fractions. DNA cleavage by I-PpoI in mESCs was
assessed by immunofluorescent staining of I-PpoI trans-

fected cells with an antibody against phosphorylated H2AX
(Supplementary Figure S3A). As in HeLa cells, the levels
of small RNA fragments in the sense direction were high
in untransfected cells. Importantly, I-PpoI cleavage caused
a clear increase in diRNAs upstream of the break in the
antisense direction, and these diRNAs had a predominant
length of 21–22 nt (Figure 2 A and B).

The diRNAs that we detected after DSB induction could
stem from an already existing transcript, which is degraded
or processed upon DSB formation, or from de novo tran-
scription. To distinguish between these two possibilities, we
treated mESCs with the general RNA polymerase inhibitor
cordycepin after transfection with I-PpoI and we sequenced
the small RNA fraction. Even though cordycepin treatment
increased background levels of small RNAs even in uncut
controls, the treatment reduced the formation of diRNAs
considerably (Supplementary Figure S4) confirming that
diRNAs at repetitive loci are products of a de novo tran-
scription event.

DiRNAs are not detected at unique genic or intergenic loci

An advantage of the I-PpoI system is that it produces DSBs
not only in the highly expressed and repetitive rDNA locus,
but also at unique genomic loci. We confirmed by Sanger
sequencing that unique I-PpoI target sequences were intact
in the HeLa cells used for this study (Supplementary Figure
S5).
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Figure 2. DiRNAs originate from endogenous DSBs in murine cells. (A) Small RNA reads from mESC cells transfected with a plasmid that expressed
I-PpoI analysed 36 h after transfection. The reads were mapped to the 28S rDNA locus and normalized to spike-ins. The grey vertical lines indicate the
position of the I-PpoI cleavage site in the 28S locus. The top (blue) and bottom (red) part of the plot show the coverage in the sense and antisense strands,
respectively. (B) Length distributions of antisense small RNAs derived from the 28S rDNA locus, upstream region, at 36 h after transfection with the
I-PpoI expression plasmid. The black bars highlight reads of 21 and 22 nt. The percentage of the 21–22 nt population is displayed. (C) Quantification of
diRNA reads in the 28S rDNA locus expressed as collapsed reads per million spike-ins. The plot includes only upstream, antisense reads.

To get the best possible resolution of diRNAs at these
unique loci, we pooled sequence data from numerous se-
quencing experiments, comprising altogether 700 million
reads distributed between mock and I-PpoI transfected
samples (Supplementary Table S1). We classified the unique
sites into genic and intergenic to see whether transcription
prior to DSB induction was required for diRNA production
(Figure 3A). In concordance with previous reports (14,29),
we could not detect diRNA at unique endogenous DSBs
in either human (Figure 3B and Supplementary Table S4)
or mouse (Figure 3C and Supplementary Table S5) samples
in spite of the great sequencing depth (HeLa: 216 million
reads, mESCs: 191 million reads, considering only cut sam-
ples) and the high DSB frequencies (Figure 3D). A few se-
quencing reads were detected at the unique genomic loci,
but these reads were observed at similar levels in both mock
and I-PpoI transfected cells (Supplementary Tables S4 and
5). Moreover, these reads did not show a preferred read
length of 21–22 nt (Supplementary Figure S6).

We estimated that the average abundance of diRNAs
from the 28S locus in HeLa cells transfected with the I-PpoI
plasmid was ∼28 molecules per cell based on comparison
to the known expression levels of miR-15a (see ‘Materials
and Methods’ section) (35,37). We also quantified by qPCR
the rDNA copy number in the HeLa cells that were used for
this study and estimated that the average number of diRNA
molecules per cleaved I-PpoI site in the 28S locus in the hap-
loid genome was 1.12. The number of small RNAs origi-
nating from unique loci was approximately two orders of
magnitude lower (Supplementary Tables S4).

De novo transcription at DSBs is not sufficient for diRNA
production

It has been reported that diRNAs are processed from
longer damage-induced long non-coding RNAs (dilncR-
NAs), which are transcribed by RNAPII (16), and we were
interested in determining whether dilncRNA production
was also restricted to repetitive sequences. We analysed the
synthesis of dilncRNAs at two I-PpoI sites: the I-PpoI tar-

get site at the 28S rDNA locus, and a previously described
I-PpoI target site within the Ryr2 protein-coding gene (38).
The Ryr2 pre-mRNA is ∼0.8 Mb long and contains 104
introns. Strand-specific reverse transcription quantitative
PCR (ss-RT-qPCR) showed that I-PpoI caused a consistent
upregulation of antisense transcripts upstream of the break
in both the 28S rDNA and Ryr2 loci, whilst the sense strand
of the same samples upstream of the break was not upregu-
lated (compare the bright red and blue bars in Figure 4A).

The ribosomal locus can be transcribed in the antisense
direction by RNAPII in response to stress. This stress-
induced transcript is a long non-coding RNA that is tran-
scribed from a promoter in the intergenic rDNA spacer and
extends into the 28S region (39,40). We performed ss-RT-
qPCR for the antisense strand downstream of the break in
order to determine whether the observed increase in anti-
sense RNA levels was due to a transcript originating at the
DSB, and not the result of a longer transcript triggered by a
stress response. RNA levels downstream of the I-PpoI cleav-
age site did not increase (dark red bars in Figure 4A). Thus,
we conclude that the increase in antisense RNA levels in the
upstream region was due to transcripts that were initiated at
or near the break, not to the induction of the stress-induced
nucleolar transcript. To further rule out that nucleolar stress
linked to the DDR was the cause of the observed increase
in upstream RNA levels, we showed that DSBs produced in
other genomic sites, using a different restriction enzyme, did
not induce dilncRNA production in the 28S locus (Supple-
mentary Figure S7).

We then determined which RNA polymerase (RNAP) is
responsible for the transcription at DSBs. �-Amanitin and
DRB inhibit RNAPII. DRB inhibits transcriptional elon-
gation by RNAPII by blocking carboxyl-terminal domain
kinases, while �-amanitin acts by binding directly to the ac-
tive site of the polymerase (41). Treatment of cells with ei-
ther drug before DSB induction significantly reduced the
antisense transcription upstream of the I-PpoI site in the
28S rDNA and Ryr2 loci after I-PpoI transfection (Figure
4B). This did not occur when transcription by RNAPI was
inhibited by a low concentration of actinomycin D (Figure



11876 Nucleic Acids Research, 2018, Vol. 46, No. 22

Figure 3. DiRNAs arise from repetitive, but not from non-repetitive genomic loci in mammalian cells. (A) Schematic definition of repetitive ribosomal
(rDNA), genic and intergenic regions used in (B and C). I-PpoI sites in genic regions can be located in exons or introns. I-PpoI sites defined as intergenic
do not overlap with any annotated gene. (B and C) Total read counts of collapsed reads mapped to the 28S rDNA locus or to genic and intergenic loci in
HeLa cells (B) or mESCs (C). The genome coordinates of the loci included in the analysis are listed in Supplementary Tables S2 and S3. For an overview
of underlying samples see Supplementary Table S1. Read counts per locus are listed in Supplementary Table S4. (D) The efficiency of I-PpoI cleavage at
selected loci was quantified by qPCR using primers spanning the I-PpoI motif on genomic DNA and expressed as percentage of DSBs. The analysis was
carried out 24 h (for Ryr2, Dab1 and SLCO5A1) or 36 h (for AAMDC, chr7 and 28S rDNA) after transfection. The ARPP locus is not cleaved by I-PpoI
and was used for normalization.

Figure 4. RNAPII transcribes sequences adjacent to DSBs in repetitive and non-repetitive genomic sites. (A) Quantitative RNA analysis in regions flanking
I-PpoI cleavage sites in the 28S and Ryr2 loci. HeLa cells were transfected with the I-PpoI plasmid or mock transfected. RNA levels were quantified by ss-
RT-qPCR using four PCR primer-pairs designed to amplify independently RNAs from the upstream and downstream regions in each of the two directions
(sense or antisense), as depicted in the figure. The plot shows the fold change between the RNA levels in cells that express I-PpoI compared to control,
mock transfected cells. The bars show averages from three independent experiments. The error bars represent standard deviations. The P-values result
from a one-tailed Student’s t-test. (B) Ss-RT-qPCR comparing RNA levels at the 28S and Ryr2 loci after I-PpoI transfection in control HeLa cells or
cells treated with different RNA polymerase inhibitors 12 h after I-PpoI transfection. The error bars display standard deviation from three independent
experiments. The P-values result from a two-tailed Student’s t-tests. (C) The levels of ARPP mRNA and 45S rRNA were quantified by RT-qPCR in
control cells and in cells treated with different inhibitors to inhibit the action of the indicated RNA polymerase. All experiments were performed in three
independent experiments and the standard deviations are given. (D) I-PpoI cleavage at the Ryr2 locus was quantified in non-treated control cells (NT) and
in cells treated with different transcriptional inhibitors. The percentage of DSBs was quantified by qPCR on genomic DNA with primers spanning the
I-PpoI recognition motif and was normalized to ARPP, which is not cleaved by I-PpoI.

4B) (41). The effect of the transcription inhibitors on the ex-
pression of control genes was verified by RT-qPCR (Figure
4C). The I-PpoI cleavage efficiency was not affected by the
inhibitor treatments, as shown by a qPCR analysis of DSB
frequency at the Ryr2 locus (Figure 4D).

We also carried out experiments of transcription inhibi-
tion using a more specific RNAPI inhibitor, CX-5461 (42).
HeLa cells were transfected with the I-PpoI plasmid, treated
with CX-5461 for 20 h and analysed by ss-RT-qPCR. We de-
tected increased levels of upstream antisense dilncRNAs at
the 28S locus (average fold change 2.31 ± 1.04 compared to
mock transfection, n = 3 independent experiments), which
confirms that dilncRNAs are not RNAPI products. CX-

5461 inhibits RNAPI transcription initiation and we spec-
ulate that in the absence of sense transcription, the rDNA
is more readily transcribed by RNAPII in the antisense di-
rection.

The fact that the synthesis of antisense RNAs in the up-
stream region can be detected at the Ryr2 locus (a RNAPII
transcribed gene) as well as at the 28S locus (which is tran-
scribed by RNAPI) suggests that dilncRNAs are produced
by RNAPII irrespectively of which polymerase canonically
transcribes the locus. We also conclude that transcription
at DSBs is a common feature of DSBs in repetitive as well
as non-repetitive regions. Furthermore, our results suggest
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that dilncRNAs are required but not sufficient for diRNA
production.

Drosha and DGCR8 are not required for diRNA biogenesis

Since our experimental system allows us to reliably profile
diRNAs using next-generation sequencing, we tested the
proposed model that Drosha and Dicer mediate diRNA
biogenesis (17,18,22). We first analysed diRNAs in drosha
null-mutant mESCs (drosha KO line) to determine whether
diRNA biogenesis requires Drosha. The drosha KO line, as
expected, had severely reduced levels of Drosha-dependent
miRNAs (Supplementary Figure S8). Surprisingly, how-
ever, the drosha KO cells were still able to produce diRNAs
with the same directionality and overall distribution as the
diRNAs produced in the parental cell line (Figure 5A). Fur-
thermore, the loss of Drosha did not change the length of
the diRNAs, and a diRNA population of length 21–22 nt
was clearly visible in the drosha KO cells (Figure 5B and
Supplementary Figure S9A). This observation was unex-
pected since it is well established that depletion of Drosha
is detrimental to DNA repair (18,21,22,43).

The effect of Drosha on DSB repair has previously been
investigated by knock-down (KD) experiments, not genetic
KOs. To determine whether diRNA production is unaf-
fected in the settings used in these previous studies, we
knocked down Drosha in HeLa cells and analysed diRNA
formation. Drosha KD affected neither diRNA production
nor the distribution of read lengths (Supplementary Figure
S10).

The microprocessor complex that processes primary
miRNAs consists of Drosha bound to the DiGeorge Syn-
drome Critical Region 8 (DGCR8) protein. DGCR8 also
acts independently of Drosha in the processing of small nu-
cleolar RNAs (44) and in transcription-coupled nuclear ex-
cision repair following UV-induced DNA damage (45). We
investigated whether DGCR8 plays a role in the biogene-
sis of diRNAs using a Dgcr8 KO line, which is defective in
miRNA biogenesis (Supplementary Figure S8). Similar to
drosha KO cells, Dgcr8 KO mESCs were able to generate
diRNAs with a similar length distribution and sequence as
those generated in control mESCs (Figure 5C and D). In
summary, our results strongly suggest that neither Drosha
nor DGCR8 are required for the biogenesis of diRNAs.

Dicer is required for the biogenesis of a subset of diRNAs

We also analysed a dicer KO cell line to obtain further in-
sight into the biogenesis of diRNAs. Dicer KO mESCs were
deficient in canonical miRNAs (Supplementary Figure S8),
as expected. Interestingly, I-PpoI expression in dicer KO
mESCs still triggered diRNA production, as shown by
small RNA-seq experiments (Figure 5E). Dicer processing
is an essential step for diRNA production in plants, and it
has been suggested that it is crucial also for diRNA biogene-
sis in mammalian cells (17,18,21,22,43). The ability of dicer
KO mESCs to produce diRNAs was, therefore, intriguing.
However, inspection of the size distribution of the diRNAs
produced in the dicer KO line revealed the loss of the char-
acteristic peak at 21–22 nt (Figure 5F and Supplementary
Figure S9B).

Figure 5. Dicer, but not Drosha or DGCR8, is required for the biogenesis
of a subset of diRNAs. (A, C and E) Coverage of collapsed small RNA
reads mapping to the 28S rDNA locus normalized to spike-ins per mil-
lion in mESC KO lines for drosha (A), Dgcr8 (C) or dicer (E). In all cases,
mock transfected cells (uncut) and cells transfected with I-PpoI (cut) were
analysed in parallel 36 h after transfection. The reads from two (dicer,
Dgcr8) or three (drosha) biological replicates were averaged. The grey ver-
tical lines indicate the I-PpoI cleavage site. (B, D and F) Length distribu-
tions of diRNAs produced at the 28S rDNA locus (upstream, antisense)
in I-PpoI transfected (cut) drosha, Dgcr8 and dicer KO mESC lines, as
indicated. The percentage of the 21–22 nt population is displayed. Enrich-
ment of the 21–22 nt fraction was significant for drosha KO (P = 6.35 ×
10−9) and Dgcr8 KO (P = 1.06 × 10−15), but not for dicer KO (P = 0.085)
mESCs in an exact binomial statistical test. (G) Quantification of 5′ and 3′
terminal nucleotides of reads mapping to the upstream, antisense region
of the 28S rDNA in I-PpoI transfected cells. The plots show the frequency
of each base in drosha KO, Dgcr8 KO and dicer KO mESCs, and in their
respective parental lines (controls).

The loss of the diRNAs of length 21–22 nt, but not
of diRNAs of other lengths, in dicer KO mESCs further
suggests the existence of at least two different popula-
tions of diRNAs. One of these populations is dependent on
Dicer (diRNA-D) and is characterized by a length of 21–22
nt, whereas the Dicer independent population (diRNA-I)
shows a broader length distribution.

Francia et al. reported that diRNAs produced at an I-
SceI site in a reporter construct have a 5′ uracil and a 3′
guanine bias that is independent of the nucleotide composi-
tion of the sequences that surround the DSB (18). We asked
whether the diRNA-D and diRNA-I populations derived
from the endogenous I-PpoI cleavage site at the 28S locus
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also showed any 5′ or 3′ nucleotide preferences. We anal-
ysed the terminal residue of the 22-nt diRNAs, which we
believe comprise a mix of diRNA-D and diRNA-I (the 22
nt fraction in Figure 5G), and we compared them with the
sequences of reads of length 25 nt or longer, which we ex-
pected to be diRNA-Is (the 25 nt fraction in Figure 5G).
The 22 nt fraction had a 5′ uracil bias that was not observed
in the 25 nt fraction (Figure 5G, compare for instance line 5
with line 11). This bias was retained in both the drosha KO
and Dgcr8 KO cell lines (Figure 5G, line 2 and 4 compared
to line 1 and 3). However, as expected, the 5′ uracil prefer-
ence was not present in the 22 nt fraction of the dicer KO
cells (Figure 5G, line 6 compared to line 5).

The 3′ end nucleotide features of the 22 and 25 nt frac-
tions were also different. The 25 nt fraction, but not the 22
nt fraction, had a strong bias for a 3′ guanine (Figure 5G,
compare for instance line 23 to line 17). Again, these 3′ end
features were present also in drosha KO and Dgcr8 KO cells
(Figure 5G, lines 20 and 22 compared to lines 14 and 16, re-
spectively), which further supports the conclusion that the
microprocessor is not involved in diRNA biogenesis. More-
over, the remaining 22 nt diRNAs in the dicer KO cells had
a very prominent 3′ guanine dominance that was otherwise
characteristic of the 25 nt fraction (Figure 5G, line 18 com-
pared to line 24), which agrees with the suggestion that most
of the 21–22 nt diRNAs were Dicer products.

In summary, the analysis of terminal nucleotide biases
confirmed the existence of two diRNA populations with
different lengths and different end nucleotide signatures.
DiRNA-Ds are 21–22 nt long and show a 5′ uracil bias that
is typical of Dicer products (46,47), whereas diRNA-Is are
of heterogeneous length and characterized by a pronounced
guanine bias at the 3′ end.

DiRNAs are loaded into Argonaute

Dicer processed, functional small RNAs like miRNAs or
siRNAs require incorporation into an Argonaute complex
in order to be functional (48) and it has been proposed that
diRNAs act to guide Argonaute proteins to DSBs, where
the proteins can recruit DNA repair factors or DNA remod-
elling factors (21,22). However, direct evidence by sequenc-
ing of diRNA incorporation into Argonaute complexes in
mammalian cells has so far been elusive. We performed
RNA immunoprecipitation combined with small RNA se-
quencing (AGO RIP-seq) in HeLa cells transfected with
I-PpoI to investigate whether diRNAs from the 28S locus
were bound by Argonaute. We used two different antibodies
against mammalian Argonautes, and we carried out nega-
tive control immunoprecipitations using an unrelated IgG
antibody (IGG control). The specificity of the immunopre-
cipitation reactions was supported by quantification of in-
put and immunoprecipitated RNAs and by electrophoretic
analysis of the corresponding cDNA libraries (Supplemen-
tary Figure S11 and Table S6). As is commonly observed,
the vast majority of reads retrieved from the AGO RIP-seq
(∼90%) mapped to miRNAs (49). However, we could also
readily detect diRNAs in AGO RIP samples. As expected,
the levels of RIP-seq reads mapping to the forward strand
of the ribosomal locus were very low compared to the in-
put in samples with or without DSBs (Figure 6A, uncut

and cut). In comparison to small RNA reads on the sense
strand, reads mapping to the antisense strand were approxi-
mately ten times higher in the AGO RIP samples than in the
input. The distribution of the AGO-bound diRNAs along
the ribosomal locus and their length distribution were simi-
lar to those of diRNAs detected in the input (Figure 6A and
B).

In order to estimate how efficiently diRNAs incorporate
into AGO complexes, we defined the standard incorpora-
tion rate as the median fold change of miRNA levels in the
AGO RIP and in the input. We found that diRNAs incor-
porated approximately at half the rate of a typical miRNA
(Figure 6C), but their incorporation rate was significantly
higher than that of tRNAs and snoRNAs (Figure 6C, green
and blue). Interestingly, reads mapping to the sense strand
of the 28S ribosomal locus were also incorporated at a
higher rate than tRNAs or snoRNAs (Figure 6C, yellow),
suggesting that at least some of these reads might not be
background detection but reflect true diRNAs that cannot
be identified in the input due to the very high background
levels.

DISCUSSION

We have used the I-PpoI endonuclease to produce sequence-
specific DSBs in the human and mouse genomes and we
provide evidence for the synthesis of dilncRNAs at both
unique and repetitive genomic loci in mammalian cells.
Moreover, we have carried out extensive small RNA se-
quencing and we show that the rDNA locus produces sig-
nificant levels of small diRNAs, whereas unique genic and
intergenic loci do not. A small RNA response to DNA dam-
age in the rDNA was already revealed by pioneering stud-
ies in Neurospora (12,28). There could be several reasons
why diRNAs are robustly detected at the ribosomal locus
but not at unique loci. First, there are multiple copies of the
rDNA cassette in the human genome (50), which results in a
considerable amplification of transcript levels in the RNA-
seq experiments. However, we show that the copy number
is not sufficient to explain the difference observed between
the repetitive rDNA and unique loci. On the other hand,
diRNAs have been linked to DNA repair by HR (21) and, as
such, the circumstance that DSBs in the rDNA are predom-
inantly repaired by HR might favour diRNA detection (3).
Furthermore, it has been proposed that diRNA production
depends on the base pairing of the pre-diRNA synthesized
de novo in sense with transcripts that were made at the host
locus before the DSB arose (13,29). The high transcription
rates of rRNA may therefore be ideal for diRNA forma-
tion. Interestingly, diRNA-like small RNAs termed telom-
eric DNA damage response RNAs have been described
at deprotected telomeres, which are also highly repetitive,
transcribed genomic regions (24). We therefore propose that
it is the combination of transcription and the repetitive na-
ture of these loci that triggers the formation of diRNAs.

Our study confirms previous observation on the genera-
tion of dilncRNAs from DSBs (13,16,17), but we did not
find evidence for the synthesis of dilncRNAs extending to-
wards the DSBs. The bidirectional de novo transcription
proposed by Michelini et al. (16) would result in the gener-
ation of diRNAs mapping both downstream and upstream
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Figure 6. Endogenous diRNAs are incorporated into Argonaute. (A) Coverage of collapsed small RNA reads mapping to the 28S rDNA normalized
to reads per million in Input and Argonaute RIP samples from either mock transfected (uncut) or I-PpoI expressing cells (cut). Coverage from three
(antibody A) or two (antibody B) biological replicates were averaged. The grey vertical lines indicate the I-PpoI cleavage site. (B) Argonaute incorporation
rates for miRNAs (black), snoRNAs (blue), tRNAs (green) or reads mapping to the antisense (diRNAs, red) or sense strand of the 28S rDNA (yellow).
The Argonaute incorporation rate is estimated by fold-change (RIP/Input) normalized to the median miRNA fold-change. The plot shows averages from
three (antibody A) or two (antibody B) biological replicates. Grey bars indicate the standard deviations. (C) Length distributions of diRNAs produced
at the 28S rDNA (upstream, antisense) in Input or Argonaute RIP samples, as indicated in the figure. The percentage of the 21–22 nt population in each
sample is displayed.

of the DSB. However, the diRNAs in the 28S locus show
a very distinct distribution and map exclusively upstream
of the I-PpoI cleavage site, which supports the idea that
diRNA biogenesis relies on pre-existing sense transcripts,
as previously proposed by others (13,23).

We have revealed the existence of two different diRNA
populations that result from the processing of dilncRNAs
at repetitive, transcribed loci and we propose a model for
their biogenesis. According to this model, the free DNA
ends at the DSB recruit RNAPII, which results in the syn-
thesis of dilncRNAs (Figure 7, box 1). We have been able
to detect dilncRNAs extending from DSBs in both the 28S
rDNA locus and the Ryr2 gene. The newly made dilncR-
NAs are able to anneal with already existing transcripts
made at the same locus, and double-stranded RNAs are
produced. These double-stranded RNAs can be processed
by Dicer into diRNAs with the characteristic length of 21–
22 nt (Figure 7, box 2).

DNA–RNA hybrids form at DSBs, as shown by others
(15,51), which implies that the dilncRNAs also anneal with
the template DNA. Moreover, our model proposes that a
fraction of the dilncRNAs are degraded, probably by dif-
ferent endoribonucleases and exoribonucleases, which gen-
erates the population of diRNA-Is with a broad range of

Figure 7. Model for the biogenesis of Dicer-dependent and Dicer-
independent diRNAs at endogenous DSBs in the mammalian genome. See
main text for details.

lengths that we observe in Dicer deficient cells (Figure 7,
box 3). Thus the diRNA length profile of wild-type cells is
a combination of the profiles of diRNA-Ds and diRNA-Is.

We show that Drosha and DGCR8 are not necessary for
diRNA biogenesis. This observation is surprising because
Drosha is recruited to DSBs, Drosha depletion results in
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severe HR defects (18,21,22,43), and DGCR8 is involved in
the repair of UV-induced DNA damage (45). Our results
imply that the roles of these proteins in DNA repair are
independent of diRNA biogenesis. In agreement with this
finding, a recent report proposed a role for Drosha in DNA
end resection and in resolving DNA:RNA hybrids at DSBs
(14).

We did not find evidence for small diRNA production at
unique genomic sites. Due to the lack of precise timing con-
trol in the I-PpoI transfection system, we cannot formally
rule out the possibility that diRNAs are synthesized and de-
graded very rapidly after DSB induction. However, similar
conclusions were reached in a very recent study based on the
use of DIvA cells, which allow a tighter time control (14).
Therefore, we conclude that the diRNA response observed
at repetitive genomic sites is not a universal landmark of
DSBs.

The model that we present here assumes that RNAPII
is able to engage in transcription at DSBs, but the mecha-
nism by which the transcription machinery is recruited to
the damaged DNA is unknown. The dilncRNAs synthe-
sized upon I-PpoI cleavage in the 28S rDNA are the prod-
uct of RNAPII although this polymerase is not particu-
larly enriched in the nucleolus. De novo transcription by
RNAPII is a general phenomenon that occurs also at DSBs
in unique genomic sequences, as shown by us and others
(15,16). Studies from Förstemann and coworkers showed
that transcription at free DNA ends can take place in the
absence of a promoter in insect cells (13) and research in
the chromatin field has revealed that specialized regulatory
complexes, such as FACT, are necessary to suppress in-
appropriate transcription initiation from within coding re-
gions (52). These observations support the view that tran-
scription initiation by RNAPII in the absence of a promoter
is not uncommon in eukaryotic cells and could occur at
DSBs. Whether any of the early DDR events plays an ac-
tive role in the recruitment of RNAPII to DSBs remains to
be investigated.

Our RNA-seq data allows us to draw robust and quanti-
tative conclusions on the abundance of diRNAs in mam-
malian cells. We have estimated that approximately 30
diRNAs per cell are derived from the 28S loci upon I-PpoI
cleavage, including both diRNA-Ds and diRNA-Is, and
that their rate of incorporation into Argonaute complexes is
0.5. We do not know whether these two diRNA populations
have similar, or any, functions in DSB repair, but their load-
ing into Argonaute complexes would allow them to act as
guides for the recruitment of histone modifiers and DNA re-
pair factors, as proposed in previous studies (21,22). Similar
estimates for each of the eight unique I-PpoI targets in the
human genome, assuming that the few small RNAs map-
ping to these loci are diRNAs, result in abundances that are
far below one Argonaute-loaded diRNA per DSB.

Our estimates of diRNA abundance are based on exper-
imental determinations of miR-15a abundance and I-PpoI
cleavage, but rely also on a number of assumptions. For ex-
ample, we have presumed that the miR-15a abundances de-
termined in previous studies (35,37) are applicable to the
HeLa cells we have used for the present study although we
cannot rule out minor variations that would influence the
accuracy of our estimates. We cannot exclude either the pos-

sibility that higher levels of unstable diRNAs are produced
at earlier time points. Furthermore, we have use collapsed
small RNA reads to exclude PCR amplification artifacts,
which might result in an underestimation of diRNA levels.
In spite of these limitations, the depth of our small RNA-
seq analysis and the total absence of reads at many of the
analysed DSBs support the conclusion that diRNAs from
unique genomic loci are not produced or produced at ex-
ceedingly low levels, which raises doubts about their func-
tional significance.
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